Although yellow fever has historically been one of the most important viral infections of humans, relatively little is known about the evolutionary processes that shape its genetic diversity. Similarly, there is limited information on the molecular epidemiology of yellow fever virus (YFV) in Africa even though it most likely first emerged on this continent. Through an analysis of complete E gene sequences, including a newly acquired viral collection from Central and West Africa (Senegal, Cameroon, Central African Republic, Côte d'Ivoire, Mali, and Mauritania), we show that YFV exhibits markedly lower rates of evolutionary change than dengue virus, despite numerous biological similarities between these two viruses. From this observation, along with a lack of clock-like evolutionary behavior in YFV, we suggest that vertical transmission, itself characterized by lower replication rates, may play an important role in the evolution of YFV in its enzootic setting. Despite a reduced rate of nucleotide substitution, phylogenetic patterns and estimates of times to common ancestry in YFV still accord well with the dual histories of colonialism and the slave trade, with areas of sylvatic transmission (such as Kedougou, Senegal) acting as enzootic/epidemic foci.
Historically, yellow fever has been one of the most important viral infections of humans, causing considerable morbidity and mortality when it encounters a sufficient number and density of susceptible hosts and where the environment facilitates transmission by the principal Aedes (Stegomyia) aegypti mosquito vector (2, 26) . It was these conditions that enabled the virus to cause regular and debilitating epidemics throughout the Americas during the 18th and 19th centuries. For example, the Philadelphia yellow fever epidemic of 1793 resulted in 17,000 cases and 5,000 deaths, approximately 10% of the total population. So notorious were the yellow fever epidemics of the Americas that they even drew the attention of Charles Darwin, who speculated that the virus was most likely of African origin (9) . Although fewer than 5,000 cases of human yellow fever were reported in Africa and South America during the period 2000 to 2005, these numbers are likely to be large underestimates (2) , such that yellow fever may still represent a significant public health threat.
Yellow fever is caused by a single-strand positive sense RNA virus (yellow fever virus [YFV] ) that belongs to the family Flaviviridae (genus Flavivirus). Although a great deal is known about the basic biology of YFV, including its likely origin (4) and extent of global genetic diversity (11, 24, 29, 30, 41) , other aspects of its evolution remain uncertain. These unresolved questions become particularly apparent relative to information about dengue virus (DENV), where gene sequence data are far more abundant. These two viruses are both classified within the genus Flavivirus and possess a transmission cycle that involves primates (and perhaps other mammals) (10) and various species of Aedes mosquitoes and an epidemiological history that appears to be closely linked to the slave trade (4, 45) . However, despite these similarities, YFV and DENV display a number of important differences that shed light on their emergence and evolution (27) . Most notably, YFV can still be considered a sylvatic disease of nonhuman primates that causes sporadic outbreaks in humans, which often act as little more than spill-over hosts. In addition, YFV has only a single serotype, unlike DENV with four antigenically distinct species (denoted DENV-1 to DENV-4), and is notoriously absent from Asia (and countries of the Pacific) even though both the hosts and vectors are present in this region. Finally, YFV is far more virulent than DENV, with reported case fatality rates of ϳ25% in Africa (2) . There may be a direct relationship between the inability of YFV to evolve into a human pathogen with areas of endemicity and its virulence. Specifically, an elevated virulence means that YFV will require a larger critical community size (CCS) to sustain its transmission in humans (i.e., to achieve a value of the basic reproductive number, R 0 , that is greater than unity). Historically, YFV spread rapidly through human populations, killing hosts before the susceptible pool could be replenished. Consequently, YFV would not establish sustained transmission networks unless it encountered relatively large and dense human populations, such as those found in the Americas during past centuries. It is therefore no surprise that the rise of yellow fever is closely tied to urbanization and the slave trade, both of which would have greatly increased the number of susceptible hosts. However, relatively little is known about the evolutionary dynamics of YFV in its enzootic situation in Africa and what this may tell us about how the virus interacts with its various host and vector species. In particular, although most yellow fever outbreaks have occurred in West Africa, few studies of YFV genetic diversity at the country level have been conducted in this region. As a consequence, little is known about the spatial and temporal dynamics of YFV within countries where vaccination campaigns in reaction to localized outbreaks have been the main control strategy.
Arthropod-borne viruses like YFV and DENV are characterized by increased purifying selection pressure on nonsynonymous nucleotide sites compared to RNA viruses transmitted by other routes, which are likely a function of a life cycle that involves phylogenetically divergent hosts (44) . However, whether YFV and DENV differ in evolutionary dynamics and how this relates to their contrasting epidemiological profiles in human populations are unknown. While previous work has suggested a lower rate of evolutionary change in YFV than in DENV (4), this analysis was based on an analysis of partial prM/E sequences, whereas most studies of DENV evolution have considered the E gene.
To explore the evolution of YFV in more detail, and particularly in an African setting, we obtained the complete E gene sequences of 37 YFV isolates sampled from a variety of host (principally mosquito) species and epidemiological contexts in three sampling localities in Senegal, as well as a small number of sequences from Cameroon, Central African Republic (CAR), Cote d'Ivoire, Mali, and Mauritania. With these and published sequence data in hand, we conducted a descriptive analysis of YFV circulation within Senegal and West Africa, as well as a comparative analysis of the evolutionary dynamics of DENV and YFV using Bayesian Markov chain Monte Carlo (MCMC) methods. Although our analysis revealed multiple circulating YFV lineages within Senegal and West Africa, we also observed a marked and consistent difference between the evolutionary rates of YFV and DENV.
MATERIALS AND METHODS
New YFV isolates. A total of 37 YFV E gene sequences were newly acquired as part of this study (Table 1) . Twenty-eight sequences came from three different sampling locations in Senegal: 8 sequences from Koungheul; 2 sequences from Kaffrine, central Senegal, where two outbreaks occurred in 1995 and 1996 (37, 38) ; and 18 sequences from Kedougou, an area of sylvatic YFV circulation in southeast Senegal (see Fig. S1 in the supplemental material for a map of Senegal depicting sampling locations). The Senegalese viruses also came from a variety of different host species: human (n ϭ 2), Erythrocebus patas monkeys (n ϭ 1), A. aegypti mosquitoes (n ϭ 5), Aedes furcifer mosquitoes (n ϭ 8), Aedes luteocephalus mosquitoes (n ϭ 5), Aedes metallicus mosquitoes (n ϭ 1), Aedes taylori mosquitoes (n ϭ 3), Aedes vittatus mosquitoes (n ϭ 1), and uncertain mosquito species (n ϭ 2).
Sequence data. For the YFV isolates newly sequenced here, RNA was extracted from virus-infected AP61 cells or freeze-dried mouse brains using a QiaAmp Viral RNA kit (Qiagen, Inc., Chatsworth, California), as instructed by the manufacturer, and amplified and sequenced as previously described (7) .
All complete E gene sequences of YFV were downloaded from GenBank and combined with those sequenced here. This resulted in a data set of 72 E gene sequences (1,521 nucleotides [nt] in length) sampled between 1927 and 2004 (see Table S1 in the supplemental material). All sequences were manually aligned using SE-AL (http://tree.bio.ed.ac.uk/software/seal/). In a subsequent analysis, sequences collected from vaccine strains (Ghana_Asibi_1927, Senegal_French-Viscerotropic_1927, and 17D), as well as those sampled from patients experiencing an adverse effect following vaccination (Mauritania_Ro_HD47471_1987 and Spain_YF_AVD2791_93F_2004) and that cluster closely with the vaccine strains (see Results) (see Fig. S2 in the supplemental material) were excluded so as not to bias estimates of evolutionary dynamics. Importantly, their inclusion would have resulted in even lower mean substitution rates (with greater variances) than those estimated here. This pruning process resulted in a data set of 67 year-dated sequences sampled between 1940 and 2003.
To place the evolutionary dynamics of YFV in a comparative context, we undertook equivalent analyses of DENV. However, because of the very large potential size of DENV data sets, our analysis in each case (i.e., DENV-1 to DENV-4) was undertaken using a randomly sampled subset of 67 E gene sequences that contained the full range of phylogeographic diversity (i.e., viruses were randomly sampled from every human genotype to generate data sets that matched in size those of YFV). In the case of DENV-2, 15 E gene sequences were available from sylvatic isolates of this virus sampled in West Africa and Malaysia (5), and these were analyzed separately. A full list of the DENV sequences analyzed is provided in Table S1 in the supplemental material.
Bayesian MCMC analysis. We estimated both the rate of nucleotide substitution per site and the time to the most recent common ancestor (TMRCA) for each data set using a Bayesian MCMC approach available in the BEAST package (http://beast.bio.ed.ac.uk/) (15) . In each case we used both strict and relaxed (uncorrelated lognormal) molecular clocks and a substitution model employing the general time reversible (GTR) substitution matrix with a different rate assigned to each codon position (although different substitution models produced similar results [see Results]). We also employed the Bayesian skyline population coalescent prior in all cases as this is clearly the best descriptor of the complex population dynamics of both YFV and DENV, and inferring demographic processes was not the aim of this study. In each case, MCMC chains were run for sufficient time to achieve convergence (assessed using the TRACER program [http://tree.bio.ed.ac.uk/software/tracer/]), with uncertainty in parameter estimates reflected in values of the 95% highest probability density (HPD). Finally, for the relaxed clock analysis of the YFV data set, we also used BEAST to compute the maximum clade credibility (MCC) tree from all the plausible trees using the TreeAnnotator program, with the first 10% trees removed as burn-in. Additional phylogenetic analysis. As well as inferring time-structured phylogenetic trees, we performed an initial phylogenetic analysis on the complete 72-sequence data set using the Bayesian method available in the MrBayes package (version 3) (34) . This analysis utilized the most general GTRϩIϩ⌫ 4 (GTR with a proportion of invariant sites and gamma-distributed rate variation across sites) model of nucleotide substitution and a chain length of 10 million generations to ensure that stationary solution had been achieved (again as assessed using TRACER). Statistical support for nodes of interest is given as Bayesian posterior probability (BPP) values.
Phylogeographic analysis. To determine the extent of geographic structure of YFV both globally (by country) and in Senegal (by sampling locality), we computed the association index (AI) (42) and parsimony score (PS) (36) statistics of clustering strength using the BaTS (Bayesian tip-association significance testing) method (31) that examines all the plausible (relaxed clock) trees produced by BEAST and therefore accounts for phylogenetic uncertainty (10% of trees removed as burn-in; 1,000 replicates).
Analysis of selection pressures. To determine the overall nature of natural selection acting on the E gene of both YFV and DENV, we computed the mean ratio of nonsynonymous to synonymous nucleotide substitutions (d N /d S ) per site using the single-likelihood ancestor counting (SLAC) method available in the Datamonkey web interface of the HY-PHY package (23) . In each case this analysis utilized the GTR model of nucleotide substitution and an input neighbor-joining tree.
Nucleotide sequence accession numbers. All sequences of the E gene generated here have been deposited in the GenBank database under accession numbers GU073130 to GU073166.
RESULTS
Phylogenetic relationships of YFV. Our phylogenetic analysis of the E gene of YFV with a particular focus on isolates of African origin accords with those trees presented previously (4, 7, 30) . The MCC tree for 67 year-dated E gene sequences is presented in Fig. 1 , while the MrBayes tree of the same data, with the addition of a tight cluster of five vaccine and vaccinerelated strains, is available as Fig. S2 in the supplemental material. The major phylogenetic division observed was between the sequences sampled in countries of East Africa (notably Sudan) and those from West Africa, including Senegal. The only geographical overlap among these two clades was a small number of sequences from the Central African Republic (CAR). Notably, all the sequences of American origin fall into a separate group that shares a close relationship with viruses from West Africa, thereby supporting previous phylogenetic studies which suggested that YFV was imported into the Americas from West Africa (4). A single sequence from Trinidad (Trinidad_788379_1979) clusters closely with sequences sampled from Senegal and therefore represents either a recent importation into the Caribbean from Africa (7) or a laboratory contamination (41) .
The sequences sampled from Senegal fall into six discrete lineages within the larger West African group ( Fig. 1 ; see also Fig. S2 in the supplemental material) . These lineages cocirculate within Senegal during human outbreaks (i.e., lineages 3 and 6 in Koungheul in 1995) or during sylvatic amplifications (lineages 3 to 5 in Kedougou in 2000). In addition, it is striking that all lineages except 1 and 2 (which have only one member each) have been sampled in Kedougou during the last 35 years of surveillance, while lineage 4 was twice sampled from a sylvatic context more than 2 decades apart (1976 to 1978 and 2001) . Finally, it is noteworthy that all YFV isolates for which there was clear evidence for vertical transmission (i.e., the viruses were isolated from male mosquitoes or female neonates) belong to lineage 3.
Rates of evolutionary change. Our Bayesian MCMC analysis revealed strikingly lower rates of nucleotide substitution in YFV than in DENV ( Fig. 2; Table 2 ). Specifically, the mean evolutionary rate for the 67 E gene sequences of YFV assuming a relaxed molecular clock was 2.1 ϫ 10 Ϫ4 substitutions/site/ year (95% HPD, 1.0 ϫ 10 Ϫ4 to 3.3 ϫ 10 Ϫ4 substitutions /site/ year), whereas the equivalent mean rates for the four human DENV serotypes were 7.0 ϫ 10 Ϫ4 to 8.7 ϫ 10 Ϫ4 substitutions/ site/year (range of 95% HPD, 5.8 ϫ 10 Ϫ4 to 9.8 ϫ 10 Ϫ4 substitutions/site/year). Rate estimates of DENV under a strict clock were almost identical to those estimated with a relaxed clock (range of 95% HPD values, 5.6 ϫ 10 Ϫ4 to 9.6 ϫ 10
Ϫ4
substitutions/site/year), while rather narrower 95% HPD values were observed with YFV under the strict clock (1.0 ϫ 10 Ϫ4 to 2.0 ϫ 10 Ϫ4 substitutions/site/year). Hence, there is no overlap in the distribution of substitution rates among YFV and the human DENV serotypes. Although a much smaller sample size led to far wider HPD values for the 15 sylvatic DENV-2 sequences, the mean substitution rates in this case (5.
Ϫ4 substitutions/site/year under the strict and relaxed molecular clocks, respectively) were again higher than those observed in YFV yet overlapped with the values seen in human DENV. Importantly, the mean substitution rate of YFV fell outside of the 95% HPD values for sylvatic DENV-2, suggesting that these rates have been drawn from different distributions. These results seem robust to both the particular substitution and demographic model employed. For example, the mean substitution rate for YFV estimated using the HKY plus ⌫ 4 substitution model, a strict molecular clock, and constant population size coalescent prior was 1.2 ϫ 10 Ϫ4 substitutions/site/year (95% HPD, 0.6 ϫ 10 Ϫ4 to 1.9 ϫ 10 Ϫ4 substitutions/site/year).
To assess whether these low rates were robust to laboratory history, we repeated the analysis and arbitrarily removed the sequences of all isolates sampled before 1970 (Table 2 ). This also revealed relatively low substitution rates, with a range of 95% HPD values across both the strict and relaxed molecular clocks of 0.9 ϫ 10 Ϫ4 to 3.5 ϫ 10 Ϫ4 substitutions/site/year and, therefore, again markedly lower than the substitution rates seen in human DENV. Finally, similar rates (95% HPD, 1.0 ϫ 10 Ϫ4 to 4.3 ϫ 10 Ϫ4 substitutions/site/year) were also obtained excluding the six isolates sampled from the Americas (Table 2) .
It is also striking how clock-like the estimates of substitution rate are in DENV compared to YFV, as reflected in estimates of the coefficient of variation (CoV) obtained under the relaxed molecular clock (Table 2 ). In the case of DENV-1, DENV-2 (both human and sylvatic), and DENV-3, not only does the low mean value of CoV suggest little non-clock-like behavior (i.e., rate variation among lineages), but also the lower 95% HPD value encompasses zero, indicating that a strict molecular clock cannot be rejected. In contrast, very high CoV values (mean values of 1.0 in both cases) are observed in all YFV data sets and are hence indicative of large-scale rate variation among viral lineages.
Times of common ancestry. Our mean estimate under a relaxed molecular clock for the TMRCA of the YFV data set analyzed here, corresponding to the divergence time of the VOL. 84, 2010 YFV SHOWS SLOWER EVOLUTIONARY DYNAMICS THAN DENV"East" and "West" African lineages, was almost twice that estimated previously using prM/E sequences (4), with mean dates of 1262 and 742 years, respectively (Table 2) . However, the 95% HPD values of our YFV date estimate are very broad and encompass both the mean and much of the 95% HPD value of the prM/E estimate (and the current study used slightly different substitution and demographic models from those of Bryant et al. [4] ). In addition, our time estimates for other nodes on the YFV tree are compatible with those estimated previously using the prM/E gene, again displaying broad HPD values. For example, the mean age of American viruses estimated under the prM/E gene was 306 years (95% HPD value, 120 to 590 years) while our E gene-based estimate for the TMRCA of this node was 307 years (95% HPD, 99 to 593 years). The mean TMRCA estimate for the joint West African and American group based on the prM/E gene data was 470 years (95% HPD, 186 to 869 years) while our mean estimate was 682 years (95% HPD, 282 to 1,196 years). Also of note was that our mean estimate of the TMRCA for groups 2 to 6 from Senegal, a distinct cluster representing the majority of genetic diversity in this country, was 156 years ago (range of 95% HPD values, 72 to 265 years), which is in good accord with a history of French colonialism (see Discussion). The phylogeography of YFV. Across the YFV tree as a whole there is more phylogenetic clustering of YFV sequences by country than expected by chance alone (AI, P ϭ 0; PS, P ϭ 0). Hence, although YFV has clearly spread to other regions both locally (for example, between Senegal and Gambia) ( Fig. 1 ; see also Fig. S2 in the supplemental material) and globally, the strongest signal in the E gene data is still that of clustering by country. A similar pattern of strong spatial clustering was observed within Senegal (AI, P ϭ 0; PS, P ϭ 0.027), such that viruses from the three sampling localities-Kaffrine, Kedougou, and Koungheul-are more phylogenetically distinct than expected by chance alone although such clustering is less marked than that observed on the global scale. Together, these results indicate that most YFV evolution in Africa occurs within a localized geographical area, as might be expected from a largely sylvatic pathogen with limited host and vector mobility.
Selection pressures. Mean d N /d S values were low in both YFV (0.043) and DENV (0.070, 0.062, 0.068, 0.075, and 0.067 for DENV-1, DENV-2, sylvatic DENV-2, DENV-3, and DENV-4, respectively). It is therefore clear that E gene evolution in both of these flaviviruses is predominantly controlled by purifying selection acting on deleterious mutations, as noted previously (44) . Indeed, it is striking how few amino acid changes are fixed across the YFV phylogeny. For example, of the four groups of Senegalese YFV sequences that contain more than a single sequence, only two are defined by amino acid changes: group 3 by T13A, N255D, K337R, S456N, and M463I and group 4 by S208N. Similarly, no amino acid changes are found on the branch leading to the West African cluster of viruses.
DISCUSSION

Epidemiological history and phylogeography of yellow fever.
The timescale of YFV evolution we depict is compatible with spread during the colonial history of West Africa and its connections to the rest of the world through the slave trade. It is particularly notable that no East African lineages of YFV are found in the Americas, again supporting the idea that it was the movement of slaves from West Africa that was largely responsible for the emergence of yellow fever in the Americas (4). In this context, it is noteworthy that the two major phylogenetic lineages (West and East Africa) both contain isolates from the Central African Republic. Indeed, this is the first time that an isolate from Central Africa (CAR_Bo_ArB5656_1974) has been found to be closely related to isolates from West Africa. Such a finding suggests that Central Africa may contain more YFV genetic diversity than is usually recognized and that this region may even represent its place of origin although this will need to be confirmed with larger data sets.
In general, the European colonization of Africa had two main impacts for the epidemiology of human arboviruses. First, there was a process of progressive urbanization, which increased contact networks between the countryside, city, and coastal areas, in turn facilitating the spread of YFV. For example, the first well-documented outbreak of yellow fever in West Africa occurred in 1775 among British soldiers stationed in St. Louis, Senegal (6) . Similarly, the major epidemic of 1927 (that was central to the development of the yellow fever vaccine), started in Senegal (St. Louis and Dakar) and moved among coastal cities down to Angola. The second major impact of colonization was a change in the composition of the susceptible population in West Africa. In particular, European colonists were highly susceptible to yellow fever and experienced severe levels of mortality; for example, case fatality rates during the early outbreaks in Goree and St. Louis were as high as 64% (13) . Although the vaccination campaigns during the 1940s to late 1950s reduced the burden of yellow fever in West Africa (28), these campaigns were halted when Senegal became independent in 1960. Within 5 years, populations of unvaccinated children were large enough to again sustain major outbreaks.
From an African perspective, it is noteworthy that six phylogenetically distinct lineages of YFV circulate in Senegal, and this number is likely to increase with more intensive sampling. It is also interesting that the DAR1279/1965 sequence occupies a more basal lineage than the viruses sampled more recently in Senegal; 1965 was the year of the first major urban outbreak in West Africa since Senegalese independence in 1960, during which vaccination campaigns were halted or reduced in a number of African countries.
It is also striking that four of the six YFV Senegalese lineages circulate in Kedougou although this in part reflects the more intensive sampling in the region. This observation is compatible with the notion that Kedougou, with a forest habitat conducive to the transmission of YFV, acts as a key reservoir population for the virus in Senegal and perhaps West Africa more generally. Indeed, since 1972, uninterrupted entomological surveillance has revealed a major amplification of YFV in the area of Kedougou, which has been associated with outbreaks in both Senegal and neighboring countries (39) . Such regional spatial diffusion is clearly depicted in the phylogenetic analysis presented here, in which the same viral lineages circulated in Senegal and Gambia in 1978 to 1979 and 2000 to 2001 and in Senegal and Guinea in 2000 ( Fig. 1 ; see also Fig. S2 in the supplemental material) . Similarly, it is important to note (i) that a large amplification of sylvatic YFV occurred in 1993 to 1994 in Kedougou, prior to major outbreaks in 1995 in Koungheul 400 km to the northeast that were halted by a local vaccination campaign (37); (ii) that lineages 3 and 6 were present during both the sylvatic amplification in Kedougou and the Koungheul outbreak; and (iii) that a lineage 6-associated outbreak occurred in Kaffrine (100 km west of Koungheul) in 1996. Indeed, one can speculate that YFV moves along the main road from Kedougou to Dakar and that the limited vaccination campaign was insufficient to prevent its diffusion from Koungheul to Kaffrine. Taken together, these observations suggest that entomological surveillance in Kedougou, as well as the thorough follow-up of circulating viral lineages, can be used as tools to monitor and perhaps predict YFV activity in West Africa. At the very least, this study further highlights the need for additional sampling and sequencing of wild isolates of YFV in West Africa.
Evolutionary dynamics of YFV. The most notable result of our study was that YFV evolves significantly more slowly than DENV and with far more variance in substitution rate among lineages so that it does not conform to a strict molecular clock; on average, the substitution rate of the E gene of DENV is approximately five times that seen in YFV. Although slightly higher substitution rates have been observed in other regions of the YFV genome (4), the lower HPDs on these estimates overlapped the rates obtained here, and these rates are still lower than those observed in DENV (41) .
What factors might be responsible for both the low rate and non-clock-like behavior of evolutionary change in YFV compared to DENV? One possibility is that YFV has an intrinsically lower rate of mutation than DENV. Indeed, a polymerase error rate as low as 0.0021 to 0.0025 mutations/genome/replication has been reported for YFV (33) . Although such a low rate would at face value provide a simple explanation for the low rate of nucleotide substitution in YFV, this estimate of mutation rate is some 400 times lower than that usually associated with RNA polymerase (14) . Additionally, the YFV substitution rate estimated here clearly falls within the "normal" range associated with RNA viruses (19, 21) and, hence, is incompatible with such infrequent mutation. It is therefore likely that this estimate of the YFV polymerase error rate is inaccurate, particularly as the experimental assay used ignored the critical consequences of natural selection on the muta- tional spectrum, including that on lethal mutations, and was based on the 17D vaccine virus. In sum, it is uncertain whether the mutation rate of YFV is lower than that of DENV. Another possibility is that the E genes of YFV and DENV differ greatly in selection pressure, such that the substitution rates in DENV have been elevated by positive selection or that nonsynonymous sites in YFV are subject to stronger purifying selection, thereby reducing substitution rates in this case. However, our analysis of the relative numbers of nonsynonymous and synonymous changes argues against this hypothesis. Although the mean d N /d S ratio is always lower in YFV than in DENV, indicative of stronger purifying selection in the former virus, mean d N /d S ratios are very low in both viruses (d N /d S Ͻ Ͻ 1.0), signifying that the vast majority of mutations fixed in these viruses are synonymous. In addition, the difference in substitution rates between YFV and DENV is greater than the estimated difference in d N /d S .
We therefore suggest that a viable explanation for the difference in substitution rates between YFV and DENV is that the generation time (i.e., replication rate) of YFV is reduced relative to DENV such that there are fewer opportunities to mutate per unit time. In theory, such lower replication rates could occur in either the mammalian host or the mosquito vector. As both YFV and DENV appear to use largely the same mammalian hosts, particularly nonhuman primates, this explanation seems unlikely. Indeed, it is notable that the substitution rate of YFV is still lower than that of sylvatic DENV, in which humans probably play a negligible role in transmission. Therefore, differences in the time spent in mosquitoes are likely to constitute the main reason for differences in evolutionary dynamics. In particular, it is possible that a mechanism of vertical transmission, such as transovarial transmission where the virus may remain quiescent in mosquito eggs for many months, plays a more important role in YFV than in DENV; in the latter virus the rapid rates of transmission associated with specific DENV outbreaks are likely to swamp any reduction in rate due to vertical transmission. Indeed, there is compelling, and growing, evidence for transovarial transmission in YFV, including in Senegal (1, 3, 8, 12, 17, 18, 25) . Importantly, not only would vertical transmission result in a lower mean substitution rate caused by a lack of active replication, but it would also increase the variance in rate estimates, exactly as observed here. Such a hypothesis is directly supported by observations that the vertical transmission rate (31.5%) of YFV in A. aegypti in nature, the principle epidemic vector (18) , is up to 12,000 times higher than that in DENV-2 and DENV-4 (0.0053 to 0.0026%) (20, 22, 35) . It is clear that such a mechanism should be further investigated for YFV in relation to wild vectors (i.e., A. furcifer, A. taylori, or A. luteocephalus) and perhaps for specific YFV lineages (such as lineage 3 described here). Similarly, it will be important to determine whether the RNA interference response in enzootic mosquito vectors is better able to modulate YFV than DENV replication as this may also act to reduce the overall substitution rate.
Finally, it is intriguing that the overall age of YFV (emergence within the last 2,500 years) is broadly similar to the time of origin of the four DEN viruses (16, 40, 43) . Hence, YFV and DENV seem to have radiated at approximately the same time. However, since this time, DENV has differentiated into four antigenically distinct viruses while YFV is still classified as a single serotype. It is therefore tempting to speculate that the lower rate of evolutionary change in the E gene of YFV, the key viral antigen, may in part explain the lower level of antigenic diversity in this virus and, in turn, the easier development of a vaccine against YFV than DENV.
